Background-Septal atrial tachycardia (AT) can occur in patients without structural heart disease and in patients with previous catheter ablation of atrial fibrillation. We aimed to assess septal AT that occurs after open-heart surgery. Methods and Results-This study comprised 20 consecutive patients undergoing catheter ablation of macroreentrant AT after open-heart surgery. Relevance to surgical approach, mechanisms, anatomic and electrophysiological characteristics, and outcomes were assessed. Septal AT was identified in 7 patients who had all undergone mitral valve surgery. All septal ATs were localized in the left atrial septum, whereas 10 of 13 nonseptal ATs originated from the right atrium.
A trial tachycardia (AT) has been described in the late stage after open-heart surgery. [1] [2] [3] [4] [5] [6] The substrate for reentrant tachyarrhythmia is related to the atrial incision. The atrial incision used during surgery depends on the surgical procedure and is made in the atrial septum, particularly during mitral valve surgery. 1, 2, 4, 5 The atrial septum originates from 2 different anatomical and histological regions of the sinus venosus and develops through the process of the adhesion of the septum primum and secundum. [7] [8] [9] These embryological characteristics may play a role in the genesis of AT that involves the interatrial septum (septal AT) after openheart surgery and may be associated with the results of catheter ablation.
Marrouche et al 10 first reported that slowing of electric atrial conduction by antiarrhythmic drugs for atrial fibrillation or atrial myopathy induces septal AT in patients with no history of cardiac surgery. Chae et al 11 reported that septal ATs
were not rare as a mechanism of ATs occurring after catheter ablation of atrial fibrillation and were more difficult to treat by catheter ablation than were ATs not involving the atrial septum (nonseptal AT). However, the electrophysiological characteristics, mechanisms, and procedural outcomes of incision-related left septal AT that occurs in patients with previous open-heart surgery are not well known.
Methods

Study Subjects
The study subjects comprised 20 consecutive patients who underwent catheter ablation of macroreentrant AT after open-heart surgery from April 2008 to December 2012. ATs were classified into 2 groups based on the site of the critical zone: septal AT, AT involving the septum that exhibited evidence suggestive of macroreentry, and nonseptal AT, AT not involving the septum that exhibited evidence suggestive of macroreentry.
All patients underwent transesophageal echocardiography to exclude left atrial thrombus. Also, a sonographer and physician blinded to any study protocols and the patients' past history retrospectively measured the septal thickness at 3 levels: upper (superior vena cava side), mid (fossa ovalis), and lower levels (inferior vena cava side) in the midesophageal bicaval view (from 90° to 120°; Figure 1 ).
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Electrophysiological Study and Mapping
All patients gave their written informed consent to participate in the study. All patients with septal AT and 10 (77%) of 13 patients with nonseptal AT presented to the laboratory with AT. In the remaining patients, AT was induced by atrial pacing. First, activation and voltage mapping were performed during AT in the whole right atrium (RA) using an electromechanical mapping system (CARTO; Biosense Webster, Diamond Bar, CA). The mechanism of AT was considered to be macroreentrant RA-AT if activation mapping in the RA accounted for >90% of the AT cycle length (AT-CL). 11 After activation mapping, entrainment mapping was performed to identify sites within the reentrant circuit. Entrainment mapping was usually confirmed by using an ablation catheter and 3 mapping catheters (coronary sinus, His bundle, and RA). If activation mapping in the RA failed to account for the majority of the tachycardia CLs, a postpacing interval was recorded at 3 sites in the RA. If postpacing intervals exceeded the AT-CL by >30 ms, the reentrant circuit was thought to be in the left atrium (LA), and the LA was mapped in the same fashion after transseptal puncture. 13 If septal AT was suspected, activation, entrainment, and voltage mapping were performed in both atria. A peak-to-peak voltage of <0.3 mV in the bipolar electrograms was defined as low voltage. 10 The degree of septal involvement was expressed as the percentage of the area revealing low voltage. Prolongation of AT-CL of >20 ms for ≤3 beats and >3 beats was defined as jumped prolongation and gradual prolongation, respectively.
Catheter Ablation
Catheter ablation was performed in a linear fashion from the site where the postpacing interval was identical to the tachycardia CL to the anatomic or electrophysiological barrier characterized by double potentials, passing across the reentry circuit. Radiofrequency energy was delivered with an irrigation-tip catheter (ThermoCool; Biosense Webster) at a power of 20 to 40 W with a temperature cutoff of 42°C. If the AT-CL was abruptly prolonged by >20 ms during ablation, activation or entrainment mapping was repeated to ensure that the tachycardia circuit had not switched over to another circuit. Procedural success was defined as the direct termination of AT by ablation and the inability to reinduce AT. The induction protocol consisted of extrastimulus testing and rapid atrial pacing to atrial refractoriness, which was repeated during isoproterenol infusion.
Postablation Care and Follow-Up
Patients were discharged on warfarin. Antiarrhythmic medications were not prescribed. Patients were seen in an outpatient clinic 2 and 6 weeks after hospital discharge and every 2 months thereafter. Holter (DSC-3300; Nihon Kohden, Tokyo, Japan) or event recorder (HCG-901; Omron, Kyoto, Japan) recordings were undertaken before the outpatient visits, and treatment success was defined as freedom from all ATs in the absence of antiarrhythmic drug therapy. Patients developing organized AT during follow-up were treated with a β-blocker for rate control, and a second procedure was recommended.
Statistical Analysis
Continuous variables were expressed as median, 25th to 75th percentile, and were compared by the Mann-Whitney test. Categorical variables were compared by the Fisher exact test. The Kruskal-Wallis test was used to compare the continuous variables among multiple groups. Post hoc analyses were performed using the Steel-Dwass test. A Kaplan-Meier analysis was used to determine the probability of freedom from recurrence of targeted AT during follow-up. A P value of <0.05 indicated statistical significance.
A B Figure 1 . Atrial septum in patients with septal atrial tachycardia (AT; A, patient 2) and nonseptal AT (B, patient 14). Site a corresponds to the atrial septum at the superior vena cava (SVC) side, site b to that at the fossa ovalis, and site c to that at the inferior vena cava (IVC) side. LA indicates left atrium; and RA, right atrium.
WHAT IS KNOWN
• The atrial septum embryologically consists of complex 3-dimensional structures, the primary septum (fossa ovalis), and the secondary septum, which could be a part of the arrhythmia circuit.
• Septal atrial tachycardia (AT) can occur in patients without structural heart disease and in patients with previous catheter ablation of atrial fibrillation.
WHAT THE STUDY ADDS
• Left septal AT can occur after open-heart surgery, particularly after mitral valve surgery requiring septal incision.
• Compared with nonseptal AT, left septal AT is characterized by a thicker fossa ovalis, a broader area of low voltage in the septum, and repeated prolongations of the tachycardia cycle length during ablation without the change of the septal circuit.
• Even if septal AT is successfully terminated by ablation, recurrence is frequent. Anatomical, electrophysiological, and procedural characteristics observed in this study suggest an intramural structure of the critical isthmus that is resistant to ablation therapy.
Results
Patient Characteristics
Septal and nonseptal ATs were observed in 7 and 13 patients, respectively. Patient characteristics are described in Table 1 , and those of underlying heart disease and surgical approach in the septal and nonseptal AT groups are shown in Tables 2  and 3 , respectively. Notably, all patients with septal AT had a history of mitral valve surgery. A superior trans-septal surgical approach was undertaken in 6 patients, and a right lateral left atriotomy was performed in 1 patient. 2, 4 In the patients with nonseptal AT, previous underlying heart disease was mitral valve disease in 8 patients, congenital heart disease in 4 patients, and coronary artery disease in 1 patient.
Electrophysiological characteristics of septal and nonseptal ATs are shown in Tables 4 and 5 , respectively. In nonseptal ATs, the critical isthmus associated with the incision was at the RA lateral wall in 6 patients, cavotricuspid isthmus (CTI) in 3 patients, RA posterior wall in 1 patient, LA anterior wall in 2 patients, and LA posterior wall in 1 patient. P-wave deflection in lead V1 was positive in all patients with septal AT regardless of counterclockwise or clockwise activation.
Transesophageal Echocardiography
The wall thickness of the atrial septum at each level is shown in Table 6 . At the level of the fossa ovalis, patients with septal AT had a thicker septal wall than patients with nonseptal AT (median, 4.0; 25th-75th percentile, 3.6-4.2 versus 2.3; 1.6-2.6 mm; P=0.006; Table 6 ). Among patients with mitral valve surgery, patients with a superior trans-septal approach had a significantly thicker septum than the patients with right lateral left atriotomy (4.0; 3.3-4.1 versus 2.0; 1.6-2.2 mm; P=0.002).
Electrophysiological Study
All 20 patients underwent voltage and activation mapping in the RA. Double potentials associated with surgical incisions were recorded at the low lateral wall or high lateral wall of the RA in all patients. As expected, a double potential was recorded at the septum only in patients with a superior transseptal surgical approach. The low-voltage area in the LA septum in patients with septal AT was significantly broader than that in patients with nonseptal AT (82; 76-89 versus 31; 28%-36%; P=0.02; Table 7 ). Among patients who underwent mitral valve surgery, the low-voltage area associated with the superior trans-septal approach was broader than that associated with the right lateral left atriotomy (83; 81-90 versus 35; 29%-57%; P=0.02).
In all 7 patients with septal AT, >90% of the AT-CL was covered in the LA septum, and the postpacing interval at the LA septum was concordant with the AT-CL. Activation mapping showed a continuous sequence, with the earliest activation adjacent to the latest activation. The postpacing interval at the inferior and lateral aspects of the mitral annulus, LA roof, and LA appendage was never concordant with the AT-CL, thus excluding these locations as critical parts of the reentrant circuit. A representative case (patient 4) is shown in Figure 2A to 2D. Activation mapping in the RA showed a centrifugal pattern and did not fulfill the AT-CL ( Figure 2B ). Activation in the LA septum covered AT-CL and a continuous sequence with the earliest activation adjacent to the latest activation ( Figure 2C ). Double potentials suggestive of a surgical incision were observed at the light blue tag points. At the green tag, the electrogram was fractionated and entrainment without fusion was confirmed ( Figure 2D ). Thus, this point was thought to be located in the critical isthmus.
Catheter Ablation
Linear ablation was performed in the patients with septal AT. Two linear ablation designs were previously reported, 1 from the right inferior pulmonary vein to the septal incisions (posterior line) and the other from the anterior side of the mitral annulus to the septal incisions (anterior line). 10 Details of the AAD indicates antiarrhythmic drug; AF, atrial fibrillation; ASD, atrial septal defect; AT, atrial tachycardia; AV, aortic valve; CABG, coronary artery bypass grafting; F, female; IE, infectious endocarditis; IHD, ischemic heart disease; M, male; MV, mitral valve; PVI, pulmonary vein isolation; RA, right atrium; RAA, right atrial appendage; SVC, superior vena cava; TA, tricuspid valve annuloplasty; TV, tricuspid valve; and VSD, ventricular septal defect.
catheter ablation are shown in Tables 4 and 5 , and a representative case (patient 4) is shown in Figure 3 . We strived to ablate linearly from the right inferior pulmonary vein to the septal incision (posterior line). Of note, repeated prolongations of the AT-CL were observed at the 2 ablation points, from 270 to 290 ms (purple tag in Figure 3A and 3B) and from 290 to 310 ms (light red tag in Figure 3C ). When the CL prolonged to 310 ms, electrogram morphology at the coronary sinus obviously changed, but not dramatically, and the surface P wave also seemed to change from triphasic to biphasic. Repeat activation mapping confirmed that the septal circuit still persisted (Figure 3D) . Therefore, linear ablation was extended to the green tag, and further prolongation of the AT-CL was observed, followed by termination at the green tag ( Figure 3E ). However, the same AT was induced by programmed atrial stimulation, and the site just opposite the green tag at the RA septum (blue tag in Figure 2B ) was additionally ablated, resulting in noninducibility.
Only 1 patient (patient 4) required ablation of both the LA and RA septa to achieve noninducibility of AT in the index procedure (Table 4) . During ablation at the critical isthmus, prolongation of the AT-CL by >20 ms occurred in all 7 patients with septal AT and in 6 patients (46%) with nonseptal AT. Interestingly, the cumulative prolongation of the CL of septal AT (from the CL at baseline to that before termination) was much longer than that in patients with nonseptal AT (70; 63-100 versus 15; 10-40 ms; P=0.0008). Of note, all prolongations of septal AT were gradual prolongation, and all prolongations of nonseptal AT were jumped prolongation.
In patients with septal AT, repeat activation or entrainment mapping confirmed that there was no change in the septal circuit even after AT-CL prolongation. However, in patients with nonseptal AT in whom jumped CL prolongation was observed during ablation, the reentry circuit switched to another circuit at that time ( Table 5 ). The PQ interval was prolonged from 0.24 to 0.30 s during ablation in 1 patient (patient 1), but it did not require pacemaker implantation at 30 months of follow-up.
Clinical Outcome
There was no significant difference in follow-up duration after the final procedure between patients with septal AT and nonseptal AT (24; 20-32 versus 41; 22-57 months; P=0.10). Five of 7 patients (71%) with septal AT experienced recurrence of the same septal AT and underwent a repeat procedure (Figure 4 ). All recurrent ATs showed the same P-wave morphology as that of the original septal AT targeted at the index procedure but had a longer CL (Table 4) . Patient 4, who underwent ablation from bilateral sides, had no recurrence of AT. At the repeat procedure, the RA septum was ablated in addition to LA ablation in all 5 patients, resulting in freedom from AT recurrence. There was no significant difference in either the voltage abnormality burden or septal thickness between septal ATs that did and did not recur (82; 79-86 versus 84; 68%-100%; P=0.99 and 4.0; 3.5-4.2 versus 3.7; 3.5-3.9 mm; P=0.24), respectively.
Of the patients with nonseptal AT, 3 (16%) experienced AT recurrence. In contrast to septal ATs, however, all recurrent ATs were ones not targeted in the index procedure, indicating no recurrence of targeted AT in patients with nonseptal ATs (P=0.001).
Discussion
Main Findings
One third of the incision-related ATs were left septal ATs associated with mitral valve surgery in this series. In patients with left septal AT, the interatrial septum was thicker and had a broader low-voltage area than those in patients with nonseptal AT. Repeated gradual prolongation of the CL of left septal ATs during ablation was a distinctive electrophysiological finding. These characteristics may be associated with the genesis of left septal AT after open-heart surgery and the inferior procedural outcomes of LA ablation for left septal AT.
Distinct Structures of the Atrial Septum as an Arrhythmogenic Substrate
Embryologically, the atrial septum is thicker than the free wall in the LA because it consists of the primary septum (fossa ovalis) and secondary septum (thin muscle tissue and lipid layer). 8, 14 The fossa ovalis is a membranous tissue but includes myocardium, and so it can be a part of the arrhythmia circuit. This complex 3-dimensional (3D) structure is distinctive in the interatrial septum and may cause heterogeneous conduction properties favorable to a reentrant mechanism. It is possible that the multilayered and infolded structure in the secondary septum interferes with the formation of the transmural ablation lesion required to eliminate the critical channel of septal AT.
The superior trans-septal surgical approach is commonly applied to expose the mitral valve.
1,2,4,5 Surgical pulmonary vein isolation, maze procedures, and remodeling because of mitral valve disease are also possible causes of abnormal potentials at the atrial septum. It was notable that the septum was thicker and had a broader area of low voltage in these patients. Acute ischemia, inflammation, and longstanding myopathic processes of septal incision are considered to result in septal hypertrophy and conduction delay and block, which are essential for reentry. lesions, resulting in impaired efficacy of catheter ablation of septal AT.
Repeated Gradual Prolongation of Septal AT-CL
Repeated gradual prolongation of the CL observed in patients with septal AT was thought to be the most distinctive and important observation in this study. In contrast to nonseptal AT, change of the critical isthmus never occurred at the moment of CL prolongation in septal ATs. Ablation at the LA septum directly terminated all septal ATs, suggesting that the critical and optimal site of ablation did not change throughout the procedure despite the possible change of the passive activation of the outer loops, as shown in patient 4. In relation to the structural characteristics of the septum, the channel of the reentrant circuit is estimated to include 3D deep structures within the multilayered and thick septum. Thus, it is possible that the repeated conduction delays were associated with the nontransmural/incomplete lesions created by the initial radiofrequency applications, and subsequent termination resulted from transmural/complete block achieved by additional radiofrequency delivery. This hypothesis may support the finding that ablation from the bilateral sides appeared to improve the long-term success of ablation for septal AT. However, all ATs involving the incision at the lateral RA wall were terminated with almost no prolongation of the AT-CL. Nakagawa et al 3 reported that right nonseptal ATs after surgery used a narrow channel, allowing a single or short linear ablation for their elimination. The thinner and simpler structure of the free wall compared with that of the septum may also allow such a focal ablation. As commonly observed, CTI-dependent atrial flutter was also terminated with little CL prolongation. A detailed histological analysis reported that the myocardium at the CTI is actually thin (2.3±1.2 mm). 
